Pro-inflammatory cytokines contribute to hypoxic-ischemic brain injury. Blood-brain barrier (BBB) dysfunction represents an important component of hypoxic-ischemic brain injury in the fetus. Hypoxic-ischemic injury could accentuate systemic cytokine transfer across the fetal BBB. There has been considerable conjecture suggesting that systemic cytokines could cross the BBB during the perinatal period. Nonetheless, evidence to support this contention is sparse. We hypothesized that ischemia-reperfusion increases the transfer of systemic interleukin-1β (IL-1β) across the BBB in the fetus. Ovine fetuses at 127 days of gestation were studied 4 hours after 30 minutes of bilateral carotid artery occlusion and compared with a nonischemic group. Recombinant ovine IL-1β protein was expressed from an IL-1β pGEX-2 T vector in E. coli BL-21 cells and purified. The BBB function was quantified in 12 brain regions using a blood-to-brain transfer constant with intravenous 125 I-radiolabeled IL-1β ( 125 I-IL-1β). Interleukin-1β crossed the intact BBB in nonischemic fetuses. Blood-to-brain transport of 125 I-IL-1β was higher (P o0.05) across brain regions in fetuses exposed to ischemia-reperfusion than nonischemic fetuses. We conclude that systemic IL-1β crosses the intact fetal BBB, and that ischemia-reperfusion increases transfer of this cytokine across the fetal BBB. Therefore, altered BBB function after hypoxia-ischemia facilitates entry of systemic cytokines into the brain of the fetus.
INTRODUCTION
Hypoxic-ischemic brain injury is one of the major causes of neurologic abnormalities originating in the perinatal period. 1 The majority of hypoxic-ischemic episodes begin before birth frequently as antepartum events. 2 These episodes can predispose to long-term disabilities such as cerebral palsy, mental retardation, and seizures. 1 Pro-inflammatory cytokines have been previously shown to have a critical role in hypoxic-ischemic brain injury and could cause and/or exacerbate damage to the fetal and neonatal brain after a variety of insults. [3] [4] [5] [6] Cerebral ischemia initiates an inflammatory cascade in the brain that is associated with increases in pro-inflammatory cytokines including tumor necrosis factor-α, interleukin-1β (IL-1β), and interleukin-6 (IL-6). 7 Increases in systemic, vascular, and endogenous parenchymal proinflammatory cytokines could exacerbate perinatal brain damage. 3 Interleukin-1β is one of the key pro-inflammatory cytokines that contributes to acute hypoxic-ischemic injury in the developing brain. 5 Furthermore, we have recently shown that IL-1β protein expression increases in the cerebral cortices of the ovine fetus after ischemia and reperfusion. 8 However, it is not clear whether increases in cytokines represent de-novo cytokine production within the brain parenchyma, increases in vascular endothelial production or potentially influx of cytokines from the systemic circulation across the blood-brain barrier (BBB) or a combination of these factors. A better understanding of some of the mechanism(s) underlying increases in cytokines after brain ischemia and reperfusion could provide valuable insights to develop strategies that could attenuate ischemia-reperfusion related neuro-inflammatory brain injury.
The BBB consists of a complex cellular system of highly specialized endothelial cells bound together by intercellular tight junctions. 9 The cerebrovascular endothelial cells of the BBB maintain the homeostasis of the central nervous system by limiting the entry of substances that could alter neuronal function. 9 We have previously reported decreases in BBB permeability from 60% of fetal development up to maturity in adult sheep, 10 and that a variety of perinatal insults and therapies modify BBB function in the ovine fetus. 11 Furthermore, we have recently reported that BBB dysfunction represents a previously unappreciated major component of hypoxic-ischemic brain injury in the fetus. 12 In addition, we found that the largest increase in BBB permeability measured with a nonspecific molecule (α-aminoisobutyric acid (AIB)) was identified 4 hours after the onset of ischemia. 12 The previous work in adult rodents has suggested that proinflammatory cytokines can cross the BBB by saturable transport systems. [13] [14] [15] [16] We have recently generated and further purified ovine IL-1β protein, [17] [18] [19] and shown that this ovine IL-1β protein can cross the adult mouse BBB by a saturable transport mechanism. 16 Moreover, we have also reported that the proinflammatory cytokine IL-1β contributes to BBB dysfunction after ischemic injury in the fetus. 19 Pro-inflammatory cytokines produced in the systemic circulation have been postulated to cross the BBB in the fetus and neonate. 4 It has long been suggested that pro-inflammatory cytokines could gain access to the fetal brain after being produced during maternal intrauterine infection or inflammation. 4 In order for systemically produced inflammatory substances to reach the fetal brain, they would need to cross the fetal BBB or alternatively alter its permeability. 4 Although there is a plethora of clinical evidence in support of the contention that pro-inflammatory cytokines could penetrate the immature BBB, there is a paucity of experimental evidence to show that systemic cytokines actually can cross the fetal BBB. [20] [21] [22] In the current study, we used the translational preclinical fetal sheep model of ischemia and reperfusion 23 along with radiolabeled IL-1β to quantify the influx of this pro-inflammatory cytokine across the BBB in the fetus. The development of the sheep brain has similarities to the human fetal and premature brain with reference to completion of neurogenesis, white-matter development, and onset of cerebral sulcation. 23, 24 In addition, the maturation of ovine brain at 127 days of gestation has similarities to those of the near term human infant. 23, 24 Moreover, procedures such as systemic intravenous infusions of radiolabeled IL-1β and quantitative kinetic studies of the fetal BBB are not readily achievable in fetuses and neonates of small animals such as rodents. Given the above considerations, we tested the hypothesis that systemic IL-1β crosses the intact BBB and that ischemia increases the transfer of IL-1β across the BBB in the ovine fetus.
MATERIALS AND METHODS
The current study was conducted after approval of the Institutional Animal Care and Use Committees of The Alpert Medical School of Brown University and Women & Infants Hospital of Rhode Island, and in accordance with the National Institutes of Health Guidelines for the use of experimental animals, and the Animal Research: Reporting of In Vivo Experiments (ARRIVE) Guidelines.
Animal Preparation, Study Groups, and Experimental Study Design
Surgery was performed on 12 mixed breed ewes at 116 to 121 days of gestation. As previously described in detail, 12, 23 catheters were placed into a brachial vein for isotope administration and the thoracic aorta for blood sampling, heart rate, and blood pressure monitoring in the fetuses. An amniotic fluid catheter was placed for pressure monitoring as a referent for fetal arterial pressures.
After exposure of the fetal carotid arteries, the lingual arteries and vertebral-occipital anastomoses were ligated to restrict noncerebral and vertebral blood flow. 23 Two inflatable vascular occluders (3 mm, In Vivo Metric, Healdsburg, CA, USA) were placed around each carotid artery along with ultrasonic flow probes (Transonic Systems Inc., Ithaca, NY, USA). 12 To measure the electrocorticogram (ECoG) of the fetus, two pairs of screws (Small Parts, Inc., Miami Lakes, FL, USA) were placed onto the dura with a reference electrode sewn to the scalp 23 and connected with insulated wires (Alpha Wire Co., Elizabeth, NJ, USA) to a recorder (ADInstruments, Colorado Springs, CO, USA). A femoral artery catheter was also placed in the ewes.
After recovery from surgery at 125 to 128 days of gestation, the sheep was randomly assigned to a nonischemic sham control group (n = 6) or ischemic group (n = 6) in which the fetal carotid arteries were occluded for 30 minutes followed by 4 hours of reperfusion. We selected the 4-h period of reperfusion because we have previously shown that the largest increase in permeability measured with a non-specific small inert neutral hydrophilic amino acid (AIB) occurred 4 hours after ischemia. 12 Full-term gestation of the sheep used in our study is 148 to 150 days. Consequently, the ovine fetuses in this study were at approximately 85% of the full-term sheep gestation.
After baseline measurements of pH, blood gases, plasma lactate concentrations, heart rates, arterial blood pressures, carotid arterial blood flow, and ECoG recordings, ischemia was induced by inflating the carotid occluders for 30 minutes in the ischemic group. 12 After 30 minutes, the occluders were deflated and reperfusion continued for 4 hours. In the sham control nonischemic group, the occluders were not inflated. Measurements of pH, blood gases, plasma lactic acid concentrations, heart rate, arterial blood pressures, carotid arterial blood flow, and ECoG recordings were also obtained at 15 minutes, 1, 2, and 4 hours after the termination of ischemia.
Analytic Methods
Interleukin-1β protein production. As we have previously described, 18 we generated and purified recombinant ovine IL-1β protein encoded by pGEX-2 T vectors (Commonwealth Scientific and Industrial Research Organization (CSIRO) Industries, Clayton, South Victoria, Australia) in E. coli BL-21 cells based on methods by Frangioni and Neel 25 with some additional modifications. The IL-1β protein was further purified on DEAE-CIM (Diethylaminoethyl-Convective Interaction Media) anion-exchange monolithic resins (BIASeparations, Villach, Pöttelsdorf, Austria). Most of the contaminants remained tightly bound to the DEAE column, whereas the IL-1β proteins were collected from the unbound fraction. An additional separation of the high molecular weight contaminants was performed on a TSKgel G3000SW size exclusion chromatographic column (Tosoh Bioscience, King of Prussia, PA, USA).
The reactivity of IL-1β protein was confirmed by western immunoblot by probing polyvinylidene diflouride membranes (0.2 micron, Bio-Rad Laboratories, Hercules, CA, USA) membranes with primary rabbit polyclonal anti-IL-β antibody (Lifespan Biosciences, Seattle, WA, USA) at a dilution of 1:5,000 and goat anti-rabbit (Alpha Diagnostic, San Antonio, TX, USA) horseradish peroxidase-conjugated secondary antibody at a dilution of 1:10,000. Figure 1 illustrates a western immunoblot of the IL-1β protein before and after the size-exclusion chromatographic purification procedures. As we have previously reported, the IL-1β protein contained a 37-kDa protein band 18 but this contaminant protein was successfully removed after the additional size-exclusion chromatography procedure. After the final purification, there was a single 17-kDa protein band suggesting a high degree of purity. We confirmed that after these two chromatographic procedures the purity of the IL-1β proteins was greater than 95%.
Radiolabeling of the interleukin-1β ovine protein.
On the day of the study, the pure IL-1β protein was radioactively labeled with iodine-125 ( 125 I-IL-1β) using the chloramine-T method as previously described. 26 One μCi of 125 I-, 5 μg of IL-1β protein, and 10 μL of 1 mg/mL chloramine-T (Sigma-Aldrich, St Louis, MO, USA) were combined and vigorously mixed. After 60 seconds, the reaction was stopped with 10 μL of 10 mg/mL sodium metabisulfite (Sigma, St Louis, MO, USA). The iodinated protein was separated from the free iodine on a PD-10 desalting column (GE Healthcare, Newark, NJ, USA). An acid precipitation assay as previously described 26, 27 was used to calculate the percent of the 125 I-radiolabel that was tightly bound to the purified ovine IL-1β protein. Ten microliters of the iodinated IL-1β protein Figure 1 . Western immunoblot showing the interleukin-1β (IL-1β) ovine protein before and after the additional purification by sizeexclusion chromatographic column described in Materials and methods.
was added to 500 μL of 1% bovine serum albumin (Sigma-Aldrich) in lactated Ringer's solution (Sigma-Aldrich) in a glass tube, and then 500 μL of 30% trichloroacetic acid (Sigma-Aldrich) was added. The above constituents were mixed and then centrifuged. The resulting supernatant and pellet were separated and counted individually in a gamma counter (Wallac Wizard 1470-010 Gamma Counter, Long Island Scientific Service Corp., Port Jefferson, NY, USA). The efficiency of iodine-125 radioactive labeling of IL-1β protein was calculated as the percent of the labeled iodinated IL-1β protein contained in the acid precipitated protein pellet and was calculated according to the following equation: Efficiency of radioactive labeling (percent acid precipitation) = Pellet CPM/(Pellet CPM +Supernatant CPM) × 100. The radioactive labeling efficiency, e.g., percent of acid precipitation, exceeded 97% in both the sham control and ischemia groups.
Blood-to-brain transfer constant (K i ) measured with 125 I-labeled interleukin-1β ovine protein. After 4 hours of reperfusion, the blood-to-brain transfer constant was measured with the 125 I-labeled IL-1β ovine protein as we have previously described for α-[ 14 C]-aminoisobutyric acid with a few modifications. 10, 12 In all, 150 to 200 μCi of 125 I-IL-1β was rapidly injected intravenously and the arterial plasma isotope concentrations obtained at fixed times sequentially before and after the 125 I-IL-1β injection until 20 minutes of study as shown in Figure 2 . Iodination of IL-1β by the method described above results in biologic activity for IL-1β of 80%. 28 Therefore, the tracer 125 I-IL-1β can be metabolized or degraded in tissues. Consequently, we measured the blood-to-brain transfer constants over 20 minutes in the current study to achieve a balance between limiting the amount of biodegradation of the IL-1β protein and capturing the entire area under the curve for the integral equation. Figure 2 illustrates a representative study showing the arterial plasma counts in dpm/μL plotted against study time in minutes.
At the end of the studies, the ewe and the fetus were killed with phenobarbital (100 to 200 mg/kg). The brain was quickly removed, and the fetus and brain weighed. The brain was dissected into the following regions: cerebral cortex, white matter, caudate nucleus, hippocampus, cerebellum, thalamus, superior colliculus, inferior colliculus, pons, medulla, spinal cord, and pituitary gland.
Tissue and plasma samples for the K i measurements were processed as previously described in detail. 10, 12 Brain vascular volume was determined by giving technetium-99 m ( 99m Tc) radioactively labeled red blood cells to the fetus 2 minutes before the termination of the studies as we have described and as shown in Figure 2 by the square. 12 Knowledge of the plasma concentration profile and tracer concentration in the brain parenchyma permits accurate calculation of the blood-to-brain transfer constant: 10
where A br is the amount of tracer that crossed the BBB from blood to brain during the tracer study (dpm/g), and c p is the tracer concentration in plasma (dpm/μL) at the time t (minutes). A br is obtained by correcting the total amount of isotope measured in the tissue A m (dpm/g) for the residual part remaining in the brain vasculature space, which is measured by 99m Tclabeled red blood cells. Thus, A br = A m − V p c p , where V p is the blood volume of brain tissue (μL/g) and c p is the concentration of tracer in the terminal plasma sample (dpm/g). V p = A † m /c † p , where A † m and c † p have the same definitions as A m and c p above except that they apply to the 99m Tc-labeled red blood cells. 10, 12 Physiologic determinations. As previously described, 12 fetal pH, arterial blood gases, heart rate, arterial blood pressure (MABP) hematocrit, and lactate values were measured at baseline, and sequentially after the end of ischemia. Electrocorticogram and carotid arterial blood flow were obtained at baseline, and during and after ischemia. Hematocrit was measured by the microhematocrit method and plasma lactate on a glucose/lactate analyzer (YSI 2300, STAT, Yellow Springs, OH, USA). Carotid arterial blood flow was measured by flow probes (Transonic System Inc) connected to a PowerLab Data Acquisition System to confirm that blood flow approached zero during carotid occlusion. Carotid arterial blood flow was calculated as a sum of left and right carotid arterial blood flow averaged over 5 minutes at each measurement time.
Electrocorticogram processing. As previously described, 12 the ECoG was recorded on a PowerLab Data Acquisition System (ADInstruments). The ECoG files were visually inspected by a board certified epileptologist (JG), who was not aware of the group designation. The recorded ECoG signals were digitized (16 bits, 1,000 Hz) and the signal processing was performed with MATLAB (Mathworks, Natick, MA, USA). The average duration of the ECoG segments for different study periods was 15 minutes and it did not differ between the two groups. 12 The grand average power spectral densities (PSDs) were used to determine the frequency ranges with the largest differences among the study periods with a discriminatory frequency band of 10 to 100 Hz found to be optimal for the analysis. 12 The power was calculated for 10-second ECoG segments from 10 to 100 Hz. A 10-sececond window was selected for accurate power analysis estimates and to eliminate potential artifacts. A fifth order Butterworth band pass filter of 10 to 100 Hz and a 60 Hz notch filter were applied to each window. The window mean was subtracted and variance of the demeaned windows used as the window power as the power of a sample with a zero mean is equal to the sample variance. 29 The power of each segment was calculated as an average power for the windows within the segment that did not contain artifactual discontinuities. The power of the segments was normalized to a zero mean and unit standard deviation for each fetus to account for offset power differences among the fetuses. The baseline power for each group was subtracted from the power for the rest of the segments before analysis.
Statistical Analysis
Electrocorticogram results are expressed as median ± standard error of the mean (s.e.m.) because the ECoG values in the ischemic group were not normally distributed. The Mann-Whitney U-test was used to compare the ECoG recordings from the ischemia study period to the normalized baseline ECoG values. All other results are expressed as mean ± s.e.m. Twoway repeated measures analysis of variance (ANOVA) was used to compare physiologic, biochemical, carotid blood flow, and regional BBB permeability between ischemic and nonischemic fetal groups. If a significant difference (Po 0.05) was found by ANOVA, then the two groups were further compared by the Fischer least-significant difference test. The two group Student's T-test was also used to compare mean values from the sham control and ischemic groups. A value of Po0.05 was considered as statistically significant.
RESULTS
The gestational age (127 ± 1 and 127 ± 1 days), brain weights (41.3 ± 3.3 and 37.8 ± 3.3 g), and body weights (3.1 ± 0.6 and 2.9 ± 0.5 kg) of the sham control and ischemic group did not differ. All fetuses were from singleton pregnancies except for one twin pregnancy in the ischemic group.
The baseline pH, blood gas, heart rate, and mean arterial blood pressure values of the fetal sheep were within the physiologic range for our laboratory and did not differ between the sham control and ischemic study groups. Fetal arterial pH, PO 2 and PCO 2 , heart rate, MABP, lactate, and hematocrit values during the study are summarized in Table 1 . 
Electrocorticogram and Carotid Arterial Blood Flow
The ECoG and carotid arterial blood flow values were measured to ascertain that the ischemic exposure was adequate in the ischemic group. 12 Thirty minutes of bilateral carotid artery occlusion resulted in a significant attenuation (P o 0.01) of the grand average power spectral density (PSD-ECoG) signals compared with the baseline values, whereas the values did not differ (P = 0.38) from baseline in the sham control group ( Figure 3A) . Visual inspection of the ECoG signals (JG) showed that attenuation in the ischemic group was greater than 50% of the baseline amplitude during ischemia, whereas the sham control fetuses did not exhibit attenuation in amplitude during sham control treatment (data not shown). After ischemia, the ECoG values returned to the baseline range and did not differ between ischemic and sham control groups ( Figure 3A) . Carotid artery occlusion resulted in immediate reductions (P o 0.01) in the carotid arterial blood flow values, which approached zero within seconds after the onset of ischemia and remained in this range for the 30-minute duration of occlusion ( Figure 3B ). After the termination of occlusion, the carotid arterial blood flow values did not differ from the baseline values. Carotid blood flow remained similar to the baseline values in the sham control group.
Blood-Brain Barrier Permeability (K i ) Measurements
The K i values showed that the iodinated IL-1β protein crossed the BBB in the nonischemic sham control fetal sheep (Figure 4 ). The K i values measured with the iodinated IL-1β protein were significantly higher (P o0.03) across the brain regions of the ischemic compared with the sham control fetal sheep. The K i values measured with the iodinated IL-1β protein exhibited significant regional heterogeneity within the fetuses in the sham control (P o 0.01) and ischemic (P o 0.01) groups. Moreover, the magnitude of the ischemia-related increases in the K i values was not uniform across the brain regions, suggesting that there was a significant regional heterogeneity in the response to ischemiareperfusion among the different brain regions.
As we have previously reported, the pituitary gland is an intracranial structure that does not have an effective BBB. 10 The K i values of the pituitary gland measured with the iodinated IL-1β protein were substantially higher compared with those of the other brain regions (15.75 ± 5.6 and 42.34 ± 7.29 μL/g Brain/min in the sham control and ischemic groups, respectively). The substantially higher K i values in the pituitary gland compared with the other brain regions further confirm the validity of the K i values measured with iodinated IL-1β protein in the brain regions that are known to possess tight BBB properties. The K i values of the pituitary gland were also higher in the group exposed to ischemia-reperfusion than in the sham control group (P o0.05) suggesting that even though the pituitary gland does not possess a tight BBB, the permeability measured with IL-1β protein increases after ischemic-reperfusion injury.
DISCUSSION
The BBB is increasingly recognized to have a critical role in a variety of central nervous system disorders in the adult particularly as related to neurodegenerative diseases. 30 However, there is less information regarding the importance of abnormalities in bloodbrain function related to disorders in perinatal medicine. We have previously shown that several perinatal conditions along with maternal and neonatal therapies can modify BBB function in the fetal and neonatal brain. 11, 12, 19 In addition, maternal exposure to 
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inflammatory conditions may impair the integrity of the BBB in the fetal cerebellum. 31 Pro-inflammatory cytokines including IL-1β are known to cause and accentuate parenchymal brain injury in fetuses and neonates. 32 There is a substantial amount of clinical evidence in support of the contention that elevated circulating systemic proinflammatory cytokines can be associated with the development of brain damage in the neonate. 4, 6 Conditions such as systemic inflammation in the fetus and neonate, sepsis, necrotizing enterocolitis, and mechanical ventilation in the neonate, which are associated with elevations in systemic pro-inflammatory cytokines, are also associated with later brain injury in premature infants. [20] [21] [22] In addition, we have recently shown that BBB dysfunction represents an important component of ischemicreperfusion related brain injury in the fetus, 12 and that the proinflammatory cytokine IL-1β contributes to this barrier dysfunction. 19 Nonetheless, although it has been suggested that systemic cytokines might gain access to the fetal brain by crossing the BBB, 4 there is a paucity of direct experimental evidence to support this concept and no quantitative data measuring BBB permeability with cytokines in the fetal or neonatal brain. Therefore, the objectives of the current study were to determine the ability of systemic circulating IL-1β to cross the intact BBB under homeostatic conditions in the normal fetus, and to determine whether ischemia accentuates the transfer of IL-1β across the BBB in the fetus.
There are three main findings in our study. First, systemic IL-1β crosses the BBB in control nonischemic ovine fetuses at 85% of gestation. Second, ischemia followed by 4 hours of reperfusion accentuated the transfer of IL-1β across the BBB. Third, BBB permeability measured with iodinated IL-1β protein exhibits heterogeneity among brain regions under control conditions and after exposure to ischemia-reperfusion.
Consistent with our previous reports, 12, 19 carotid occlusion resulted in near-complete cessation of carotid arterial blood flow and attenuation in the fetal ECoG amplitude confirming the efficacy of the ischemic insult. In addition, carotid blood flow and ECoG values after ischemia did not differ from baseline values, confirming that reperfusion was effective after release of the occlusion. Consistent with our previous findings, brain ischemia and reperfusion did not have a major impact on the systemic hemodynamic and biochemical homeostasis in the fetus. 12, 19 The findings of our study show that systemically administered IL-1β is able to cross the BBB in significant amounts to reach the brain during normal homeostatic conditions in the fetus. This finding suggests that conditions such as perinatal inflammation that result in increases in systemic pro-inflammatory cytokines could facilitate cytokines to cross the intact BBB and cause brain injury before birth even under nonischemic conditions. 6, 20, 22 Several aspects of our study deserve comment. We used recombinantly expressed, pure ovine IL-1β protein to study blood-to-brain transport in fetal sheep. Therefore, the radiolabeled protein used to measure BBB permeability in the ovine fetus was species specific. In addition, the radiolabeling procedures used in the current study have been widely used for a number of compounds in various species and have repeatedly been shown to yield consistent reproducible results. 14, 26 Moreover, we have previously shown that this ovine protein was able to cross the mouse BBB by a saturable transport mechanism. 16 Taken together, our findings suggest that systemically produced IL-1β can in fact cross the immature BBB and potentially injure or accentuate injury to the brain. 4 We also have previously showed increases in BBB permeability measured with AIB (molecular weight 103 daltons) suggesting impaired integrity of the BBB after exposure of the ovine fetus to ischemia for 30 minutes and reperfusion for 4 hours. 12 In the present study, the same ischemic-reperfusion exposure accentuated IL-1β entry into the brain. Our findings can be interpreted that ischemic-reperfusion related injury to the cerebral vascular endothelium particularly in an inflammatory setting could accentuate the transfer of circulating cytokines across the fetal and potentially neonatal BBB. 4, 31 Consequently, increased proinflammatory cytokine transport across the BBB could potentially further exacerbate ischemia-mediated damage to the fetal or neonatal brain parenchyma. 4, 31 We cannot discern from our studies the precise nature of the cellular or molecular consequences of the increased IL-1β transport across the fetal BBB. However, previous work suggests that intracerebral injections of IL-1β result in astrogliosis, increases in caspase 3 activity, apoptosis, reductions in the number of developing oligodendrocytes, along with reduced myelin basic protein staining in neonatal rats. 32 Hypoxia also upregulates astrocytic IL-1β in periventricular white matter, which induces receptor-mediated apoptosis of oligodendrocytes, resulting in periventricular whitematter hypomyelination. 33 Moreover, inhibiting lipopolysaccharide stimulated IL-1β with an IL-1 receptor antagonist attenuates the lipopolysaccharide-induced white-matter injury further substantiating that L-1β may have an important role in white-matter injury in the neonate. 34 In a model of systemic pre-exposure to lipopolysaccharide before hypoxic-ischemic injury, an increased IL-1β response also appeared to be responsible for neuronal injury. 35 Taken together with the present findings, hypoxiaischemia related increased transport of IL-1β across the BBB in the fetus could accentuate to injury of the cellular components of white matter and exacerbate hypoxic-ischemic neuronal injury.
Even though we cannot be certain of the morphologic changes in the BBB that predisposed to the hypoxia-ischemia related increases in IL-1β transport across the barrier, the BBB is a complex structure comprised of an array of tight junction proteins as well as astrocyte end-feet processes, pericytes, and basement membranes, all of which contribute to the integrity of the BBB. 30 Although hypoxia-ischemia can affect all components of the neurovascular unit including the astrocytes, pericytes, basement membranes, and matrix metalloproteinases, potentially contributing to the increased permeability of cytokines, we have recently shown that ischemia-reperfusion results in changes in the expression of some tight junction proteins, which are associated with increases in barrier permeability in the fetus. 12, 36 Therefore, changes in the molecular composition of tight junction proteins as well as changes in other components of the neurovascular unit could have contributed to the ischemia-related increases in IL-1β transport across the BBB in the fetus. 12, 36 Although, thus far, we have only investigated the ability of IL-1β to cross the fetal BBB, it is likely that cytokines such as tumor necrosis factor-α, IL-6, and others could also cross the fetal barrier, based on the work by Banks et al in adult rodents. [13] [14] [15] 37, 38 Moreover, we have already shown that the highly specific ovine IL-6 protein that we have generated can cross the BBB of the adult mouse. 16, 18 However, comparative quantitative aspects of transfer of other cytokines await future investigation. We would very much like to examine the ability of radiolabeled ovine IL-6 to cross the fetal BBB in future studies. In addition, it is likely that hypoxiaischemia could also accentuate this process based on our recent and current findings with IL-1β. 12 Consistent with our findings showing that a pro-inflammatory cytokine can cross the fetal BBB, a recent study compared the hypothalamic transcriptomic response between fetal exposure to transient hypoxia and brachiocephalic occlusion, and found that responses between the two stimuli differed markedly. 39 The differentially regulated genes in the hypothalamus between the hypoxic exposure and brachiocephalic occlusion insults could suggest that there was a humoral agent released into the fetal circulation during hypoxia that could cross the fetal BBB to stimulate or augment the transcriptomic responses in the fetal hypothalamus. 39 Our current work deserves comparison with our previous findings. 12 However, the two studies cannot be directly compared because of differences in methodology between the current study and our previous work with AIB. 12 Nonetheless, it is possible to compare the ratios of the ischemic-reperfusion to the nonischemic K i values measured with AIB 12 and the iodinated IL-1β in the current work. After ischemia and 4 hours of reperfusion, the K i values measured with AIB increased by 1.3 to 2.4 fold 12 and those measured with the iodinated IL-1β by 1.6 to 2.6 fold in the current study. These findings suggest that the ischemia-reperfusion related relative increases in BBB permeability were relatively similar when measured with both compounds.
The current findings are also consistent with the previous work showing that there is a proportionately greater propensity for cytokines to cross the BBB relative to their size because of the saturable transport systems. 14, 40 Although the pathways by which cytokines affect the central nervous system may be multiple, at least in adult subjects, direct penetration of the BBB is important. 14, 37, 40 Moreover, the biologic importance of cytokine transport across the BBB has been established because memory impairment induced by IL-1α depends directly on the ability of this cytokine to cross the BBB. 40 In addition, there are several lines of evidence to support the contention intact cytokines cross the BBB: (1) previous rigorous analysis by Banks et al in several manuscripts established that a number of cytokines cross the adult BBB undegraded; 13, 14, 26, 27, 37, [40] [41] [42] (2) free iodine does not cross the BBB well because of a brain-to-blood efflux system for iodine; 43 (3) we have previously shown that brain levels of cytokines are decreased when antibodies against that specific cytokine were infused into the blood; 19, 44 and (4) transport of the labeled ovine cytokines across the BBB is inhibited by unlabeled murine cytokine. 16 This latter finding is particularly important, as unlabeled cytokines would not be expected to inhibit brain uptake of free iodine.
The previous work has also shown that IL-1β is transported across cultured cerebromicrovascular endothelial cells via a temperature-sensitive, microtubule-dependent mechanism, potentially by type II IL-1 receptors. 45 We have found in fetal sheep in vivo that IL-1β penetrates the BBB in significant amounts to reach the fetal brain under control conditions and that ischemia-reperfusion increases the transfer across the BBB. The increased IL-1β entry into the brain that we observed could reflect increased paracellular transport across damaged tight junctions. 12 Alternatively, the increased ischemia-reperfusion related entry of IL-1β into the brain could also have occurred via increased transport across the cerebromicrovascular endothelial cells via increased receptor mediated transcytosis upregulation resulting in increased penetration into IL-1β the fetal brain. 45 We have previously shown that the endothelium of pituitary gland is highly permeable compared with all other brain regions in ovine fetuses, lambs, and adults. 10 Consistent with these findings, the K i values of the pituitary gland measured with the iodinated IL-1β protein were also higher than all other brain regions. In addition, consistent with our previous findings with AIB, 12 permeability of the pituitary gland increased after ischemia, when measured with the radiolabeled IL-1β suggesting that after ischemia cytokines can also penetrate the pituitary gland and potentially could alter its function.
Comparable to our previous findings showing heterogeneity of barrier permeability when blood-brain permeability was measured with AIB under physiologic and pathophysiologic conditions, 11, 12 the various brain regions exhibited heterogeneity in barrier permeability when measured with the iodinated IL-1β under both the nonischemic and ischemic-reperfusion related conditions. Consistent with the present findings, work in adults has shown that transport rates differ among cytokines, among brain regions, under physiologic circumstances, and with disease states suggesting that there are cytokine-specific regulatory mechanisms and region-specific effects. 41 Potential mechanisms for regional differences in barrier permeability could relate to regional differences in tight junction density, differences in the molecular biology of the tight junction, 46 and differences in regional brain function that influence BBB cytokine transport. 42 In summary, we conclude that in the ovine fetal brain at 85% of gestation, systemic IL-1β crosses the intact BBB and that ischemia with reperfusion for 4 hours facilitates the entry of systemic cytokines into the brain parenchyma, where they could potentially accentuate brain damage. We speculate that reducing ischemiarelated increases in IL-1β protein transport across the BBB could potentially represent a promising therapeutic strategy to reduce brain injury in the fetus and the neonate. In this regard, we have recently shown that systemic infusions of anti-IL-1β monoclonal antibodies result in penetration of the monoclonal antibodies into the fetal brain, and that the monoclonal antibodies have biologic effects that include reducing the ischemia-related endogenous upregulation of IL-1β protein and the ischemia-related increases in BBB permeability measured with a nonspecific inert molecule (AIB) in the fetal brain. 18 
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